Time-resolved scanning Kerr microscopy has been used to image large amplitude precessional magnetization dynamics excited by a DC current within a spin Hall nano-oscillator (SHNO). The SHNO was formed from a 4 micron diameter Py(5 nm)/Pt(6 nm) mesa defined upon a Al 2 O 3 substrate, with triangular Au(150 nm) contacts overlaid. Injection of a radio frequency (RF) current was used to phase lock the SHNO to the femtosecond laser. Time resolved imaging revealed a non-linear 'bullet' mode with a clear threshold behaviour, that can be separated from the small amplitude Ferromagnetic resonance (FMR) induced by the RF current. The out of plane magnetization component is readily detected by means of the polar magneto optical Kerr effect (MOKE). However images obtained by means of longitudinal MOKE measurements are dominated by an artifact arising from the edges of the Au contacts. As the DC current is increased above threshold, the bullet appears to increase in size, suggesting an increased translational motion. This behaviour may be associated with spreading of the RF spin current away from the centre of the device.
Spin orbit torques are being intensively studied both to understand their physical origin and to realize new applications. Within a nanoscale spin torque oscillator (STO), magnetic auto-oscillations, with frequencies that range from the MHz to GHz regimes, are driven by the spin transfer torque (STT) associated with injection of spin current. The frequency and amplitude of oscillation can be tuned via either an electrical bias current or an applied magnetic field, while the magnetoresistance of the constituent materials leads to the generation of voltage oscillations. Consequently the STO has strong potential for use in magnetic sensing, signal processing, and neurmorphic computing applications 1-3 . High density arrays of STOs can also be envisaged that offer the prospect of increased output power through mutual synchronisation. However it is first necessary to understand the character, localisation and stability of the underlying magnetization dynamics.
While the first STOs exploited spin-polarized current injection, within a spin Hall nano-oscillator (SHNO) the Spin Hall effect (SHE) 4, 5 ) is used to drive a pure spin current from a heavy metal with large spin-orbit interaction into a ferromagnet layer [6] [7] [8] . The de-coupling of charge and spin currents opens up new device geometries, enabling the exploitation of magnetic insulators 9 , and in the present study, allows for access of an optical probe to the active region of the device.
The generation of magnetic auto-oscillations requires a critical spin current density to be exceeded. Within the SHNO it is necessary to concentrate the injected charge current within a small region of the heavy metal. This has been achieved by either overlaying thick needle shaped contacts on the heavy metal layer 6, [10] [11] [12] [13] [14] or by forming a nanoconstriction within the heavy metal/ ferromagnet bilayer [15] [16] [17] [18] [19] [20] . SHNOs of both kinds have been studied by means of Brillouin Light Spectroscopy (BLS), microwave spectroscopy and micro-magnetic simulations.
While the spectral characteristics of the dynamics have been explored, the time-evolution of the magnetization has yet to be measured directly.
In the present work, time resolved scanning Kerr microscopy (TRSKM) 21, 22 is used to observe the time dependent magnetization within a SHNO that has been phase locked to an injected radio frequency (RF) current I RF . Formation of the non-linear 'bullet' mode is observed when the injected DC current I DC exceeds a threshold value. Comparison with micromagnetic simulations shows that the diameter of the bullet is small compared to that of the optical spot. Nevertheless the apparent diameter of the bullet mode is observed to increase with I DC , suggesting increased translational motion of the bullet.
SHNOs were fabricated by a combination of sputter deposition and electron-beam lithography. A 4µm Py(5 nm)/Pt(6 nm) bi-layer disk was first defined, before two triangular Au(150 nm) nanocontacts (NCs), with a tip separation of 200 nm, were overlaid as shown in figure  1a . The device is designed to concentrate electrical current within the Pt layer at the NC tips. Here the charge current is used to generate a spin current, by means of the SHE, that propagates normal to the plane of the device into the Py layer. Once the STT compensates the damping, a self-localized non-linear mode is formed, that has been described as a spin wave bullet. While other modes can be supported within the disk ( 14 demonstrates propagating waves when the Py is magnetized normal to the plane), the bullet mode is of particular interest due to its narrow linewidth and tuneable frequency.
Initial microwave electrical measurements exploited the magnetoresistive response of the Py layer. A groundsignal-ground electrical probe was used to make electrical contact to a selected device and connect it to a bias-tee. The inductive and capacitative arms were used to supplied I DC and I RF respectively, while the RF signal re- turned from the device was directed into a spectrum analyzer via a circulator and +24 dB pre-amplifier. TRSKM measurements were performed with a vector-quadrant bridge detector that exploits different magneto-optical Kerr effect (MOKE) geometries to simultaneously detect the three spatial components of the dynamic magnetization and the optical reflectance 23 . For the dynamics to be observed in a stroboscopic fashion, they must be synchronised, via the injected I RF , to an exact multiple of the 80 MHz laser repetition rate. The phase of I RF can then be adjusted relative to the laser pulses so that the time evolution of the magnetization dynamics can be observed. Measurements were performed with phase modulation of I RF to enhance the signal to noise ratio. The laser pulses had 800 nm wavelength, and were focused to a spot of ∼870 nm FWHM diameter by a microscope objective with 10.1 mm working distance and 0.55 numerical aperture 24 .
Microwave electrical measurements were performed to identify the bullet mode and confirm locking to I RF . Figure 1b shows the emission from a SHNO for fixed field and increasing I DC . The onset of emission is observed at I DC ∼18 mA. The frequency red-shifts with increasing I DC and emission is still present at I DC = 20 mA.
No emission is observed if the sign of either the field H or I DC is changed, in agreement with the expected symmetry of the SHE. Figure 1c shows the field and frequency dependence of both the Ferromagnetic Resonance (FMR), determined from separate STT-FMR measurements (consistent with previous work 11, 25 ), and the microwave emission. For a given frequency, microwave emission is observed at a field close to but greater than that of the FMR mode. The dependence of the frequency upon H and I DC is consistent with previous observations of the bullet mode 13 . Stroboscopic TRSKM measurements require the bullet mode to be synchronised to I RF . Figure 1d demonstrates that a bullet mode of 6 GHz frequency can be locked to an I RF of 12 GHz frequency. As H is varied, the frequency of emission approaches 6 GHz and is 'pulled' towards the locking regime. Within this region an increase in output power and reduction in linewdith is observed. Outside this regime an intermodulation mode can be observed, decreasing in frequency with increasing field. A large I RF of ∼ 3.5 mA amplitude was required to achieve even a narrow locking range, which has been attributed to thermal noise enhanced by the spin current 10 . An optically-detected STT-FMR study of similar devices 26 showed that the reactance of the device geometry causes spatial spreading of I RF that drives FMR within the extended disk. Therefore TRSKM measurements were performed with the frequency of I RF set to 6 GHz so as to minimise the amplitude required to achieve locking 27 . Figure 2a shows TRSKM images acquired with the bullet mode locked to I RF , and when I RF is still present but I DC = 0 mA. In the latter case, I RF drives the FMR with H detuned from the line centre. The addition of I DC leads to additional dynamics in all three magnetic channels. In the polar magnetization channel, localized precession is observed between the NC tips, with a different phase to the dynamics in the extended disk (additional data 27 ). By subtracting the images acquired with and without I DC , the dynamic response due to I DC may be estimated (lower part of figure 2a). The subtracted images for the two in-plane (horizontal and vertical) channels each exhibit a a spatially antisymmetric structure centred on the peak observed in the polar contrast, but occupying a somewhat larger area of ∼ 2µm diameter. The subtraction yields negligible residual contrast in the extended region of the disk, confirming that the bullet mode is tightly confined at the centre of the disk.
Further measurements at different time delays 27 confirmed that the contrast in the magnetic channels oscillates with I RF . However the contrast in the three channels was observed to oscillate with the same relative phase, which is not expected if the magnetization undergoes a circular or elliptical precession. Furthermore, since H is applied 30
• from the horizontal axis, the amplitude of the dynamic magnetization detected in the TRSKM experiment is expected to be significantly greater in the vertical as compared to the horizontal direction, while in fact these two components were found to have comparable amplitude. To aid interpretation of the experimental data, micromagnetic simulations were performed, using the MuMax 3 package after the current distribution and associated Oersted field had been calculated in COMSOL [27] [28] [29] . Images of the simulated bullet mode are presented in figures 3a for the configuration in figure 2. Initial simulations showed that the bullet quickly escapes the active area and is damped within the extended disk. Therefore a pinning site was introduced in the form of either a single cell discontinuity in the magnetization, or a localized 5% reduction in saturation magnetization with Gaussian spatial profile of ∼ 240 nm FWHM as in 3a. This led to a bullet mode that was stable for a finite range of I DC values, as well as an additional mode that was localized in the non-uniform Oersted field associated with the injected charge current. The latter mode lies at higher frequency than the bullet mode, but was not observed in the room temperature electrical measurements of figure 1, and so not expected to appear in TRSKM measurements. Both the bullet and field-localized modes were found to have spatial and spectral character consistent with previous simulations 13, 14 . While the the bullet mode exhibits large angle precession, the images in figure 3a do not reproduce the spatially antisymmetric character observed in the measured horizontal and vertical compoents. The core of the bullet mode undergoes the largest angle of precession. Figure 3b shows that outside the core region the magnetization undergoes elliptical precession about an axis parallel to the applied field. At the edge of the core region, at x = −35 nm, the average magnetization is close to zero with an in-plane precession angle of ∼ 270
• . Within the core the precession amplitude increases further so that the magnetization trajectory crosses over itself with the magnetization effectively precessing about a direction anti-parallel to the applied field. The magnetization precesses with the same phase at all positions within the disk. Simulations performed with an additional I RF demonstrated slightly improved stability of the bullet, but otherwise the dynamics were of similar character.
Difference images, calculated from simulated images separated by 180
• in phase, were convolved with a 870 nm full width half maximum Gaussian profile to more closely reproduce the experimental images. Again they did not reproduce the spatially antisymmetric contrast observed in the vertical and horizontal channels. Further tests showed that the antisymmetric contrast was observed only when the bullet mode was present, ruling out mechanisms such as polarization of the Pt by I RF via the SHE. Therefore it was concluded that the in-plane contrast must be an artefact associated with the opti- cal probe overlapping the edge of the 150 nm thick NCs, while in proximity to the bullet mode. Figure 3c provides a schematic representation of the likely mechanism. As the probe passes over the NCs the beam returning to the detector is partially obstructed. Crucially the symmetry between rays propagating in opposite directions within the cone is broken. The resulting difference in intensity of the two halves of the back-reflected beam, combined with a finite polar Kerr rotation due to the bullet mode, manifests as a signal similar to that due to the longitudinal MOKE from an in-plane component of magnetization 30 . It follows from the NC geometry that a top-bottom antisymmetry is observed in the vertical channel and a left-right antisymmetry in the horizontal channel.
The polar images are unaffected by the artefact. Figure 4a shows polar images acquired for different I DC values, with the phase of I RF fixed. The maximum absolute Kerr rotation was extracted from the images and plotted in figure 4b, while in figure 4c the images from 4a have been replotted after subtracting the image for which I DC = 0. For small I DC values the amplitude of the FMR mode increases gradually with increasing I DC as the injection of DC spin current into the Py layer compensate the damping. For I DC 10 mA a region of negative contrast appears to the right of the NCs. The asymmetry of the FMR response about the centre of the device reflects the mixed symmetry of the torques present. The STT and the torque due to the in-plane Oersted field are symmetric about the centre while the torque due to out of place Oersted field is antisymmetric 26 .
The microwave spectroscopy data of figure 1b revealed the presence of a bullet mode for I DC = 18 → 20 mA. However figure 4 shows strong out of plane dynamics at the NC tips for I DC = 17 mA, that is still present when I DC = 19 mA. The reduction of the threshold value for I DC is due to the presence of the I RF , as observed previously 10 . Figures 4a and c also demonstrate that the extent of localization of the bullet mode depends upon I DC . Comparing the images for I DC = 17 → 19 mA, the bullet mode is observed to occupy a larger region as I DC is increased, with some reduction in the maximum Kerr amplitude. Since the diameter of this region is large compared to that of the bullet mode in figure 3a, this suggests that the bullet exhibits significant translational motion while being phase-locked to I RF .
An optically-detected STT-FMR study of similar devices demonstrated a minimum in the torques at the centre of the device due to I RF as a result of lateral current spreading. The bullet mode is therefore pulled towards where the STT is larger, and may either oscillate or gyrate about the centre. The bullet could either establish a stable trajectory, or escape and be damped in the extended disk 27 , allowing another bullet to form at the centre and repeat the process. Increasing I DC is likely to increase the mobility of the bullet, allowing it to move further from the centre. Since the linewidth of the microwave emission in 1b is only weakly dependent on I DC , formation of a stable trajectory seems the more likely scenario.
In summary, time resolved images of the non-linear bullet mode within a SHNO have been obtained by stroboscopic TRSKM. The bullet was injection-locked to an RF current that simultaneously excites an FMR mode, but a simple subtraction procedure allows the contrast associated with the bullet to be isolated. While the out of plane component of the dynamic magnetization was unambiguously observed, the in-plane components were obscured by an artefact due to the edges of the thick electrical contacts. The localization of the bullet was found to decrease as the injected DC current was increased above the threshold value, and is attributed to spreading of the RF current from the centre of the device. Further work is now required to determine the trajectory of the bullet within this more complicated torque landscape. 
